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Drosophila Nedd4 Regulates Endocytosis of Notch
and Suppresses Its Ligand-Independent Activation
function may be important for protecting unstimulated
cells from sporadic activation of Notch signaling.
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receptors is essential for modulating signaling efficien-Japan
cies in various ways [1]. The binding of a ligand to a2Graduate School of Life Science
receptor promotes the internalization of the complex,Tohoku University
which is subsequently sorted to late endosomes and2-1-1 Katahira
either degraded or recycled back to the cell surface,Aoba-ku, Sendai
thereby quenching signaling [2]. Steady-state internal-Japan
ization of unoccupied EGF and transferrin receptors [3,3Department of Biology
4] may also attenuate their activation. In contrast, NGF-Tokyo Metropolitan University
induced TrkA receptor internalization and its transportMinami-Ohsawa 1-1
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nucleus [5]. The mechanisms that distinguish betweenJapan
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Notch plays key roles in cell fate determination inJapan
Drosophila by creating sharp Notch activity borders that5Department of Life Science
facilitate binary cell fate decision during lateral inhibitionKobe University Graduate School of Science
of neurogenesis and dorsal-ventral organizer formationand Technology
of the wing [6–8]. An essential feature of Notch signalingKobe
is the ability to sense small differences in its signalingJapan
level and to amplify that difference to produce an all-
or-none response. Notch signaling involves multiple
steps of processing and intracellular trafficking of NotchSummary
protein (Figure 1B; [9]). Upon binding of transmembrane
ligands, Notch is cleaved at the extracellular S2 site,Background: Ligand-induced proteolytic cleavage and
and the extracellular fragment (Nextra) dissociates and isinternalization of the plasma membrane receptor Notch
endocytosed by ligand-presenting cells. The remainingleads to its activation. Ligand-independent, steady-
membrane bound portion is internalized by the ligand-state internalization of Notch, however, does not lead
targeted cell [10]. Notch is again cleaved within theto activation. The mechanism by which downstream ef-
transmembranedomain (S3 site),whereby the intracellu-fectors discriminate between these bipartite modes of
lar fragment signals to the nucleus and activates tran-Notch internalization is not understood. Nedd4 is a
scription [11]. Unliganded receptors must be strictlyHECT domain-containing E3 ubiquitin ligase that targets
maintained in an inactive form to avoid inappropriatetransmembrane receptors containing the PPSY motif
signal amplification caused by sporadic activation offor endocytosis. Deltex is a positive Notch signaling
Notch.regulator that encodes a putative ubiquitin ligase of the
Ubiquitination has emerged as a new mechanism ofring finger type.
Notch regulation. A reduction of the HECT-type E3 ubi-Results: We used the Drosophila system to show that
quitin ligase Suppressor of deltex (Su(dx)) suppressesNotch is ubiquitinated and destabilized by Nedd4 in a
loss-of-function phenotypes of Notch and its positivemanner requiring the PPSYmotif in the Notch intracellu-
regulator deltex (dx) [12, 13], and overexpression oflar domain. Loss of Nedd4 function dominantly sup-
Su(dx) antagonizes Notch signaling [14]. A mouse coun-presses the Notch and Deltex mutant phenotypes, and
terpart of Su(dx), Itchy, directly binds and ubiquitinatesits hyperactivation attenuates Notch activity. In tissue
an intracellular fragment of mouse Notch 1 in tissueculture cells, the dominant-negative form of Nedd4
culture cells [15]. Nedd4 is anothermember of theHECT-blocks steady-state Notch internalization and activates
type E3 ubiquitin ligase family, members of which shareNotch signaling independently of ligand binding. This
a common protein architecture containing a C2 domaineffectwas further potentiated byDeltex. Nedd4destines
for membrane association, WW domains for substrateDeltex for degradation in a Notch-dependent manner.
binding, and a HECT domain for ubiquitin ligation ( [16];Conclusions: Nedd4 antagonizes Notch signaling by
Figure 1A). Studies on Nedd4 and its yeast counterpartpromoting degradation of Notch and Deltex. This Nedd4
Rsp5 demonstrate their essential roles in endocytosis
of membrane proteins, including the epithelial sodium*Correspondence: shayashi@cdb.riken.jp
6These authors contributed equally to this work. channel andpheromone receptors [17–19]. In addition to
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Here, we address the role of Nedd4 in Notch signaling.
By studying the phenotypes of loss-of-function, gain-
of-function, and dominant-interferingmutations of Nedd4,
we show that Nedd4 antagonizes Notch and Dx. Nedd4
binds and ubiquitinates Notch and modulates its intra-
cellular localization. Surprisingly, a dominant-negative
form of Nedd4 triggered ligand-independent activation
of Notch signaling, which was further potentiated by Dx.
We propose that Nedd4 prevents sporadic activation
of cell surface Notch by directing Notch and Dx for
inactivation.
Results
Nedd4 Antagonizes Notch
Transcriptional activation of the nedd4 locus by the
Gene Search system [25] caused a Notch-like wing
defect in the adult wing (Figure 1D). Mutations in the
overexpressed nedd4 allele reverted this phenotype,
demonstrating that Nedd4 activity is responsible for the
Notch-like phenotype (Figure 1A). Class A mutants en-
coded a truncated Nedd4 protein having a deletion of
part or all of the HECT domain and were lethal as either
homozygotes or hemizygotes. The shortest class A mu-
tant, Nedd4T119FS, lacked all known functional domains
and, hence, must have been nonfunctional. Class B mu-
tants had amino acid substitutions in the HECT domain.
Although Class B alleles were homozygous lethal, trans
heterozygotes of this class survived to phenotypically
wild-type adults, suggesting that the mutations are hy-
pomorphic.
A 50% reduction of Notch activity caused the nicked
Figure 1. Antagonistic Interaction of nedd4, Notch, and deltex wing margin phenotype because of defective induction
(A) Schematic diagram of Drosophila Nedd4 structure and the loca- of Wg expression in the DV organizer (Figure 1E; [26]).
tion of mutations. A C2 domain, three WW domains, and the HECT
A 50% reduction of Nedd4 activity suppressed this phe-domain are shown in color. All mutations shown at the top are of
notype (Figure 1F). On the other hand, overexpressionclass A (i.e., they carry a C-terminal truncation or internal deletion
of Nedd4C974FS, containing a truncated HECT domain,in the HECT domain and are either amorph or antimorph). Shown
at the bottom is an enlargement of the HECT domain with class B inhibited wing vein formation in a manner similar to the
missense mutation sites labeled. The catalytic cysteine (residue Notch gain-of-function mutation Abruptex [27] and sup-
974) used for ubiquitin transfer is labeled with a star. Positions of pressed the nedd4GS phenotype (see Figure S1 in the
mutations are numbered based on the published sequence [21].
Supplemental Data available with this article online),(B) Structure of Notch. Signal peptide (SP), EGF repeats (36 EGF),
suggesting that Nedd4C974FS behaves as dominant nega-lin12-Notch-glp1 repeat (LNGR), transmembrane domain (TM), an-
tive. We conclude that nedd4 antagonizes Notch.kyrin repeat (ANKR), and PEST sequence are shown in color. The
regions containing the epitopes for Nextra and Nintra and the posi- In situ hybridization and antibody staining revealed
tions of S2 and S3 cleavage sites, Dx binding sites, and the PPXY ubiquitous nedd4 expression in embryos and imaginal
motif are indicated above or below the drawing. discs (data not shown). Embryos lacking both maternal
(C–H) Adult wings of a control (Oregon R) (C), a ptc-gal4/;
and paternal functions of Nedd4 died at the end of em-nedd4GS/ (D), an N264-39 heterozygote (E), a transheterozygote of
bryogenesis, but the number of neuronal cells did notN264-39 and nedd4T119FS (F), dx24/Y (G), and dx24/Y; nedd4T119FS/ (H).
change significantly as would be expected from a gainInsets in (G) and (H) are enlargements of the wing margin. Arrow
and arrowhead indicate the place where the dx phenotype is most of Notch activity [28] (data not shown). Clones of cells
apparent. The scale bar represents 300 m. homozygous for nedd4T119FS in wing and leg discs sur-
vived without significant developmental defects. The
lack of obvious Notch-related phenotypes in nedd4T119FSprotein trafficking at the plasma membrane, Drosophila
Nedd4 and its binding target Commissureless have been mutants may be due to the presence of overlapping
gene functions (see Discussion).implicated in endosomal sorting of the axon guidance
receptor Roundabout [20, 21]. Deltex (Dx) is a putative We next examined the effects of Nedd4 overexpres-
sion on Wingless (Wg) expression, which is induced byring finger type ubiquitin ligase [22] that binds to ankyrin
repeats of the Notch intracellular domain [23] and posi- Notch, in the DV organizer of the wing disc (Figure 2A).
Nedd4 overexpression repressed Wg expression andtively regulates Notch signaling [24]. Suppression of the
dx phenotype by Su(dx) indicates that the two classes caused growth retardation cell autonomously (Figures
2B and 2C; see also Figure S2). However, Nedd4 failedof ubiquitin ligase act antagonistically with regard to
Notch signaling. to repress Wg expression induced by an activated form
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Nedd4 WW domains (WW1 and WW2-3); yields were
17% for WW1 and 44% for WW2-3 (Figure 4B). FLAG-
tagged Notch was coexpressed with HA-tagged ubiqui-
tin in S2 cells treated with Nedd4 dsRNA or control
dsRNA in an RNA interference assay to determine
whether Notch is ubiquitinated in a Nedd4-dependent
manner. Proteins were then denatured in SDS and im-
munoprecipitated with anti-FLAG. HA-ubiquitin was re-
covered from control cells treated with the proteasome
inhibitor MG101 and migrated slower than FL, sug-
gesting that HA-ubiquitinwas associatedwith FL (Figure
Figure 2. Nedd4 Alters Expression of the Notch Target Gene Wg 4C). No significant amount of HA-ubiquitin was recov-
Wing imaginal discs stained (magenta in the color figures) for Wg. ered when MG101 treatment was omitted (data not
Green signal marks GFP expression driven by en-gal4 (A and B) shown). The Y2328Fmutation reduced the level of Notch
and ptc-gal4 (C). Nedd4 reduced expression of Wg (B and C) cells ubiquitination to 37% of the control, suggesting that an
autonomously and retarded growth (B). A constitutively active form intact PPSY motif is essential for full ubiquitination of
of Notch (Nact) driven by ptc-gal4 induces ectopic Wg expression
Notch. Depletion of Nedd4 by RNAi further reduced the(D, arrowhead). nedd4GSdid not change thepattern ofWgexpression
level of ubiquitination to 14% (Figure 4C). The low ubi-(E). The scale bar represents 20 m.
quitin level of NotchY2328F in control S2 cellsmay bedue to
residual association with Nedd4 and/or other ubiquitin
ligases. These results demonstrate that Notch ubiquiti-of Notch (Figure 2D; [28, 29]), suggesting that Nedd4
nation is Nedd4-dependent and requires an intact PPSYantagonizes Notch signaling prior to its activation by
motif, suggesting that the interaction involves directmo-proteolysis.
lecular association.
Nedd4 Overexpression Alters the Amount
and Localization of Notch in the Wing Disc Nedd4 Is Involved in Constitutive
We then examined the distribution of Notch in the wing Endocytosis of Notch
imaginal disc in which Nedd4 activity was altered. An When S2 cells expressing Notch were immunostained
antibody against the Notch intracellular domain (anti- with anti-Nextra or anti-Nintra, signalsweredetected in intra-
Nintra) detected an elevated signal at the wing margin cellular vesicles and the plasma membrane (Figures 5A
(WM) and in L2/3 and L3/4 intervein regionswhere Notch and 5Bi). A subset of those intracellular Notch vesicles
activity is high (Figures 3A and 3C; [30]). Nedd4 overex- was labeled by fluid-phase incorporation of FITC-BSA.
pression driven by the ptc enhancer abrogated those Endogenous Nedd4 was distributed broadly in the cyto-
Nintra signals in WM and intervein regions (Figures 3B plasm, and its accumulation became higher in vesicles
and 3C). Similar downregulation of Nintra was observed containing Notch and FITC-BSA (Figure 5A, arrowhead).
when clones of cells overexpressing Nedd4 were pro- S2 cells stably expressing Notch (S2N) were incubated
duced by the flip-out technique (Figure 3D). On the other with anti-Nextra at room temperature, fixedandpermeabil-
hand, levels of Nintra staining and of Notch extracellular ized, and then incubated with a fluorescently labeled
domain (Nextra) staining were increased in cells overex- secondary antibody to track the destination of cell sur-
pressing Nedd4C974FS (Figures 3E and 3F). In addition to face-localizedNotch. After a 60min incubationwith anti-
the signal associated with the cell periphery, Nextra was Nextra, much of the Notch immunoreactivity was detected
detected in dot-like signals that were more numerous in intracellular vesicles (Figure 5Biii). The staining pattern
in Nedd4C974FS-expressing clones and sometimes colo- of cell surface-labeled Notch resembled that obtained
calized with accumulated Nedd4C974FS (Figures 3F and after fixation and permeabilization (Figure 5A). These
3G). Endogenous Nedd4 was detected at a lower level results suggest that cell surface Notch is constantly
in the cell periphery but lacked obviousdot-like accumu- internalized. Because S2 cells do not express Delta or
lation (Figure 3H). These results suggest that Nedd4 Serrate (aNotch ligand) at detectable levels, the endocy-
modulates the intracellular accumulation and localiza- tosis of Notch observed here must be ligand inde-
tion of Notch. pendent.
The effect of Nedd4C974FS on Notch trafficking was
tested in S2N cells. Most of the hemagglutinin (HA)-Ubiquitination of Notch Is Dependent
on Nedd4 and the PPSY Motif taggedNedd4C974FS (HA-Nedd4C974FS) was associatedwith
the plasma membrane and colocalized perfectly withWe determined whether Nedd4 binds directly to the
Notch intracellular domain, which contains one PPSY the anti-Nextra signal at the cell surface (Figure 5Biv) or
the anti-Nintra signal with the standard staining proceduresequence that matches the consensus binding site for
Nedd4 WW domains [31]. anti-Nintra detected both cell (Figure 5Bii). Intracellular localization of the anti-Nintra sig-
nal (Figure 5Bi and dashed line in Figure 5Bii) was notsurface-localized, full-length Notch (FL) and a C-ter-
minal cytoplasmic fragment (CT; Figure 4A; [32]). HA- detected in Nedd4C974FS-expressing cells, suggesting
that Nedd4C974FS captures Notch at the plasma mem-tagged Nedd4 coprecipitated both FL and CT (Figure
4A). The binding was greatly reduced when the PPSY brane. In addition, HA-Nedd4C974FS dramatically in-
creased the intensity of N staining, compared with thatsequence of Notch was altered to PPSF (Figure 4A). CT
was also recovered from S2 cell extracts by purified of untransfected cells. In Figure 5Biv, cells located next
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to those expressing HA-Nedd4C974FS (dashed outline) ex-
pressed lower levels of Notch labeled by the cell surface
staining protocol (5% of HA-Nedd4C974FS expressing
cells), suggesting that this form of Nedd4 interferes with
Notch internalization from the plasma membrane. Fur-
thermore, immunoblot analyses demonstrated that
Nedd4C974FS (Figure 5C) or RNAi-mediated suppression
of Nedd4 (Figure 6D) increased the amount of full-length
Notch, indicating that Nedd4 regulates the stability of
Notch.
Ligand-Independent Activation of Notch
by Inhibition of Nedd4 Activity
To further define the role of Nedd4 in Notch signal trans-
duction, we used a Notch-responsive promoter of the
E(spl)m gene tomeasure nuclear transduction of Notch
signaling [33] (Figure 6A). E(spl)m-luc reporter activity
was low in both S2 and S2N cells, indicating that the
presence of Notch alone is insufficient to stimulate the
E(spl)m promoter. It also indicates that cultured S2N
cells do not contain a functional ligand for Notch. Co-
transfection of an expression plasmid for Notch lack-
ing the extracellular domain (Nact) strongly stimulated
E(spl)m-luc in both cell types [33]. When HA-Nedd4C974FS
was coexpressed, E(spl)m-luc activity was stimulated
in S2N cells but not in S2 cells. These results suggest
that the inhibition of Nedd4 activity leads to Notch-
dependent and ligand-independent activation of
E(spl)m-luc.
Antagonistic Interaction of Nedd4 and Dx
We focused next on Dx. dx mutations are responsible
for the nicked wing margin and thickened wing vein
phenotypes (Figure 1G). Disruption of one copy of nedd4
was sufficient to rescue these defects (Figure 1H). Over-
expression of Dx causes a Notch gain-of-function phe-
notype in the wing [34]. This phenotype was suppressed
by overexpression of Nedd4 and enhanced by Nedd4C974FS
(Figure S1). These results suggest that nedd4genetically
antagonizes dx, in a manner that is similar to that of
Su(dx).
E(spl)m-luc was used to assess the role of Dx in
Nedd4C974FS-induced Notch activation. Dx fused to YFP
(Dx-YFP; [35]) caused phenotypes comparable to those
caused by Dx when overexpressed in the wing (K.M. et
al., unpublished data) and was used for this experiment.
Although expression of Dx-YFP was not sufficient to
stimulate E(spl)m-luc activity in either S2 or S2N cells,
Figure 3. Nedd4 Alters the Intracellular Localization of Notch in the Dx-YFP potentiated the transcriptional activation of HA-
Wing Imaginal Disc Nedd4C974FS (Figure 6A).
Samples were double-labeled for N (magenta) and GFP (green). Dx-YFP promoted the formation of numerous intracel-
(A–D) Nedd4 reduces the level of Nintra staining. (A) In a control disc, lular vesicles and caused a dramatic relocalization of
Nintra detected higher signals in wing margin (WM) and the L2/3 Notch to those vesicles (Figures 6Bi and 6Bii), as seenand L3/4 intervein regions. (B) When Nedd4 was overexpressed in
with Dx (K.M. et al., unpublished data). By counting thethe ptc-expressing region (green), the Nintra signal was reduced. (C)
Plot of signal intensities of Nintra staining along the horizontal lines
(B). The positions of the AP compartment border (vertical line),
ptc stripe (green triangle), and L2/3 and L3/4 intervein regions are
Nextra. In addition, Nintra staining revealed an accumulation of signalindicated. A prominent peak of Nintra signal in the L3/L4 intervein
region of the control disc was lost in the disc expressing Nedd4. in dot-like structures that were more numerous in Nedd4C974FS-
expressing cells. (G) Double labeling with anti-Nedd4 revealed its(D) The Nintra signal was reduced in a clone of cells overexpressing
Nedd4 (labeled with GFP; green). colocalization with Nextra (arrowhead).
(H) The expression pattern of endogenous Nedd4 detected with(E–G) Clonal overexpression of Nedd4C974FS increases the level of
Notch. (E) Nedd4C974FS-expressing cells (green) have higher levels of a more sensitive streptavidin amplification method. The scale bar
represents 25 m in (A), 10 m in (D) and (E), and 5 m in (G).Nintra signal. (F) Similar increases of staining were observed with
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Figure 4. Nedd4 Binds and Ubiquitinates
Notch
(A) HA-Nedd4 binds to Notch. Wild-type
Notch FL and CT were detected in an immu-
noprecipitate of anti-HA.RecoveryofNotchY2328F
FL and CT was greatly reduced.
(B) Binding of Nedd4 WW domains to Notch
in vitro. An extract of S2 cells expressing
Notch was incubated with beads coated with
recombinant WW domain proteins. Proteins
bound to the beads were detected by im-
munoblotting with antibodies against Nintra
and poly-histidine (His). His-WW1 and His-
WW2-3 recovered 17%and 44%of the Notch
C-terminal fragment (CT) from the extract, re-
spectively. Binding of FL was not determined
because of its nonspecific affinity to the resin
(not shown).
(C) Ubiquitination assays. S2 cells were incu-
bated with dsRNA for GFP (control) or Nedd4,
then transfected with expression vectors en-
coding HA-ubiquitin and FLAG-tagged
Notch. Cells were treated with the protea-
some inhibitor MG101 before harvest. Pro-
teinswere denatured in SDSbefore precipita-
tion with anti-FLAG. Top: Immunoblot of cell
extracts probed with anti-Nedd4. Treatment
with nedd4 dsRNA reduced the level of
Nedd4. Middle: FL Notch was detected in the
immunoprecipitate. Bottom: HA-ubiquitin was
detected in a high molecular weight moiety
of Notch. The numbers shown below indicate
relative amounts of HA-ubiquitin per FL Notch.
number of Notch- and Dx-YFP-containing vesicles, we amount of Dx-YFPwhen the level of Notchwas relatively
low (Figure 6D), HA-Nedd4C974FS increased the amountfound that all Dx-YFP vesicles contained Nintra and Nextra
epitopes in S2N cells (Figure 6C). HA-Nedd4C974FS altered of Dx-YFP in S2N cells, which express higher levels
of Notch (Figure 6E). The results suggest that Nedd4the content of Notch in Dx-YFP vesicles. Staining with N
identified most of the Notch staining in Dx-YFP-positive destabilizes Dx-YFP in a Notch-dependent manner.
vesicles, suggesting that Dx-YFP releases Notch cap-
tured at the plasma membrane by HA-Nedd4C974FS (com- Discussion
pare Figure 6Bii with Figure 5Bii). Staining with anti-Nextra
revealed a pattern similar to that of HA-Nedd4C974FS (Fig- How does Notch internalized from the cell surface
choose between the two alternative outcomes, eitherure 6Biv), and numerous Dx-YFP vesicles appeared that
were not stained by Nextra (Figure 6Biv, arrowhead; Fig- signaling to the nucleus or inactivation? We addressed
this question through an analysis of Nedd4, a ubiquitinure 6C). By extrapolation, 25% of the Dx-YFP vesicles
in S2N cells expressing HA-Nedd4C974FS were recognized ligase that plays key roles in the endocytosis of mem-
brane proteins. Notch is endocytosed in S2 cells in theby Nintra but not Nextra (Figure 6C). As a control, we
monitored the effect of Dx-YFP and HA-Nedd4C974FS on absence of its ligands (this study). Endocytotic internal-
ization of Notch has also been observed in imaginalthe distribution of Dl. No significant effect was observed
(data not shown). These results suggest that HA- discs ([36], this issue of Current Biology). We have
shown that Nedd4 downregulates the stability and activ-Nedd4C974FS promotes the accumulation of Notch cyto-
plasmic fragment in Dx-YFP-positive vesicles. ity of Notch in wing imaginal discs. Nedd4C974FS, which
appears to be defective in ubiquitination, capturedIn addition, we noted that the intensity of Dx-YFP
fluorescence increased in S2N cells expressing HA- Notch at the cell surface and downregulated Notch ac-
tivity, suggesting that ubiquitination by Nedd4 is a keyNedd4C974FS. Whereas Dx-YFP was barely detectable in
S2 cells by immunoblot analysis, its presence greatly step for the internalization and inactivation of Notch.
Accumulation of ubiquitinated Notch was dependent onincreased upon suppression of Nedd4 by RNAi, and this
increasewasNotch dependent (Figure 6D). In such cells, proteasome inhibition (Figure 4C). Becausepolyubiquiti-
nation has been implicated in degradation by the protea-the amount of Notch was also elevated (Figure 6D). Al-
though HA-Nedd4C974FS did not significantly change the some [37], the majority of the ubiquitin covalently linked
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one involving Nedd4-dependent polyubiquitination and
the other involving monoubiquitination, may be the cel-
lular basis for the antagonistic interaction between
Nedd4 and Dx on Notch activity. Notch and Dx degrada-
tion directed by Nedd4 explains the dominance of gain-
of-function Nedd4 (ptcnedd4GS) over the phenotypes
resulting from Notch and Dx overexpression.
Ligand-Independent Activation of Notch
via Nedd4 Suppression
We have shown that ligand-independent Notch activa-
tion is achieved by blocking Nedd4 function (Figure 6A).
Dx-YFP promoted vesicular translocation of Notch
trapped at the plasma membrane by HA-Nedd4C974FS.
Twenty-five percent of Dx-YFP-positive vesicles con-
tained Nintra but not Nextra. We note that expression of Dx-
YFP alone failed to promote the formation of Dx-YFP/
Nintra vesicles and to activate the E(spl)m promoter.
We therefore suggest that HA-Nedd4C974FS stabilizes the
Figure 5. Nedd4 Associates with Notch during Endocytosis and Notch-Dx complex and facilitates proteolytic cleavage
Regulates Its Stability of Notch to generate the activated Notch intracellular
(A) Endosomal localization of Notch (N) and Nedd4. S2 cells trans- fragment (Figure 7B).
fected with a Notch expression plasmid, pMTN, were incubatedwith
FITC-BSA for 60 min at 25C before fixation. Nextra staining was
Functional Requirement for Nedd4 in Drosophiladetected in both the plasma membrane and in intracellular vesicles,
Although the requirement for Nedd4 in Notch functionmost of which were labeled with internalized FITC-BSA. Nedd4 was
detected throughout the cytoplasm and was enriched in the periph- is clearly indicated by the potent suppression of Notch
ery of Notch- and FITC-BSA-containing vesicles (arrowhead). and dx mutations by nedd4 null alleles, cells homozy-
(B) Nedd4C974FS blocks Notch endocytosis. Control S2N cells (Bi and gous for nedd4T119FS showed no appreciable develop-
Biii) or a Nedd4C974FS dominant-negative construct (Bii and Biv) were mental defects in the wing discs and in adults. An addi-stained after fixation and permeabilization to detect Nintra (Bi and Bii)
tional role of Nedd4 in endosomal sorting of newlyor with the cell surface staining protocol to detect Nextra (Biii and Biv).
synthesized transmembrane receptors [20, 21] may be(Bi)–(Biii) show optical cross sections and (Biv) shows a cell surface
view. Dashed lines in (Bii) and (Biv) indicate the position of nearby complicating loss-of-function analyses. In this sense,
cells not expressing HA-Nedd4C974FS. use of Nedd4C974FS was informative because it arrested
(C) Nedd4C974FS stabilizes Notch. S2 cells were cotransfected with Notch trafficking at the step that critically requires
Notch and HA-Nedd4C974FS expression constructs, and protein ex-
Nedd4. It is possible that genetic redundancy involvingpression was analyzed by immunoblotting. Full-length Notch (FL) is
nedd4, Su(dx), and another member of the family,indicated. The amount of the actin binding protein Septin detected
Dsmurf [39], results in compensation in Drosophila,with an antibody against PNUT was used as a loading control to
calculate the relative amounts of Notch (shown above each lane). whereas the contribution of Nedd4 is higher in S2 cells.
In addition, the existence of multiple endocytic path-
ways [1]maymask the requirement for nedd4 function in
to Notch is likely to be polyubiquitin. The essential re- animals. Given the importance of keeping Notch activity
quirement for Nedd4 in Notch protein stabilization and low in unstimulated cells, multiple mechanisms for sup-
ubiquitination and the critical role of the PPSY motif pression of Notch activity may be required.
in the Notch intracellular domain in ubiquitination and
Supplemental Dataassociation with Nedd4 argue that a direct association
Detailed Experimental Procedures as well as several supplemen-with Nedd4 upon endocytosis of Notch promotes inacti-
tal figures are available at http://www.current-biology.com/cgi/vation via ubiquitination (Figure 7A).
content/full/14/24/2228/DC1/.
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Figure 6. Nedd4-Dx Relationship in the Regulation of Notch Localization and Activity
(A) Reporter assay with the Notch-responsive E(spl)m-luc reporter. Luciferase activity was measured in S2 or S2N cells expressing combina-
tions of HA-Nedd4C974FS and Dx-YFP. Error bars indicate the standard deviation of triplicate measurements.
(B) Localization of Notch (N), Dx-YFP, and HA-Nedd4C974FS in S2N cells. Nextra was detected by the cell surface staining protocol. Localization
of Notch and GFP signals were essentially identical when Nedd4 activity was unaltered. HA-Nedd4C974FS caused much of the Nextra signal to
dissociate from Dx-YFP ([Biv], arrowheads). Nintra remained colocalized with Dx-YFP (Bii).
(C) Quantification of Notch (N) and Dx-YFP localization with the antibodies against Nintra (intra) and Nextra (extra). Frequencies of intracellular
vesicles containing Notch and/or Dx-YFP were counted in control (Bi and Biii) and HA-Nedd4C974FS-expressing cells (Bii and Biv). Vesicles labeled
with Dx-YFP but not with Notch (open bar) were barely detectable in control cells and were significantly increased in HA-Nedd4C974FS cells
stained with Nextra. More than 300 vesicles in 3–5 cells were assessed for each stained sample.
(D) Nedd4 RNAi stabilizes Dx-YFP and Notch. S2 cells were transfected with combinations of expression vectors for Dx-YFP, Notch, and
Nedd4 or Nedd4 dsRNA, and expression of Dx-YFP and Notch was analyzed by Western blotting.
(E) Nedd4C974FS stabilizes Dx-YFP. In S2N cells, Dx-YFP was barely detectable, but it was greatly increased in the presence of Nedd4C974FS.
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loses its extracellular domain and becomes
activated.
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